To understand and control the dynamics in the longitudinal phase space, time-resolved measurements of different bunch parameters are required. For a reconstruction of this phase space, the detector systems have to be synchronized. This reconstruction can be used e.g. for studies of the micro-bunching instability. It occurs if the interaction of the bunch with its own radiation leads to the formation of sub-structures on the longitudinal bunch profile. These sub-structures can grow rapidly -leading to a sawtooth-like behaviour of the bunch. At KARA, we use a fast-gated intensified camera for energy spread studies, Schottky diodes for coherent synchrotron radiation studies as well as electro-optical spectral decoding for longitudinal bunch profile measurements. For a synchronization, a hardware synchronization scheme is used which compensates for eventual hardware delays. In this paper, the different experimental setups and their synchronization are discussed and first results of synchronous measurements are presented.
I. INTRODUCTION
The investigation of the dynamics of short bunches in a storage ring sets stringent requirements for the diagnostics: Response time and repetition rate of the different detector systems must be sufficient to study a single bunch in a multi-bunch environment on a single-turn base. The required time scales are given by the RF frequency and the revolution time. In addition, the different detector systems must be synchronized to study simultaneous changes for example in the bunch shape and in the emitted synchrotron radiation.
II. MICRO-BUNCHING INSTABILITY
Under certain conditions, periodic bursts of coherent synchrotron radiation (CSR) were recorded at different facilities (e.g. NSLS VUV [1], SURF II [2] , ALS [3] , BESSY-II [4] , Diamond [5] , SOLEIL [6] ). Theoretical studies of this phenomena gave hint to a self-interaction of the bunch with its own wake-field [7] , which can lead to the occurrence of sub-structures in the longitudinal phase space. The rising amplitude of these sub-structures can be explained by the CSR impedance [8] . The rapid increase of the amplitude is coupled to an overall increase of the bunch size. At one point, the diffusion and radiation damping outweigh the growth of the sub-structures and they start to diffuse and damp down, leading to a reduction of the bunch size. The reduced bunch size leads to a stronger wake-field. Subsequently, the next cycle starts.
Thus, the bunch size is modulated with a sawtooth pattern [9] . Due to the changing bunch profile, the CSR is emitted in bursts. Therefore, this behavior is referred to as bursting.
As the longitudinal phase space is spanned by time and energy, it can be studied by time-resolved measurements of the longitudinal bunch profile as well as the energy spread. The CSR intensity depends on the longitudinal bunch profile, so it can also be used to probe the dynamics. A monitoring of the longitudinal phase space leads to a deeper understanding of the beam dynamics, especially above the bursting threshold and could potentially lead to methods of control. Such a reconstruction requires synchronous measurements of the different bunch properties.
At KARA, we use different setups for theses measurements which are integrated in a hardware synchronization scheme which enables these simultaneous studies.
III. KARA
KARA (Karlsruhe Research Accelerator), the KIT storage ring, can be operated in different modes including a short bunch mode. In this mode, the momentumcompaction factor α c is lowered, by changing the magnet optics [10] , to study the micro-bunching instability [11, 12] .
At KARA, the revolution time is 368 ns and the bunch spacing of 2 ns is defined by the radio frequency (RF) of 500 MHz. One single measurement should take at most 2 ns, so that only the signal of one bunch is detected. As part of the bunch detection setup, several systems have been installed and commissioned: A fast-gated intensified camera (FGC) to measure the horizontal bunch position and size, fast THz detectors to detect the coherent synchrotron radiation (CSR) as well as an electro- • and their horizontal axis is displayed on the vertical axis of the image.
optical bunch profile monitor to determine the longitudinal bunch profile.
IV. HORIZONTAL BUNCH SIZE MEASUREMENTS
Measurements of the horizontal bunch size σ x allow studies of the energy spread σ δ as they are related by [13] 
in a dispersive section. Therefore, a time-resolved measurement of the horizontal bunch size is required to study the changes in energy spread. We use a fast-gated intensified camera (FGC). It is located at the Visible Light Diagnostics (VLD) port at KARA which uses incoherent bending radiation from a 5
• port of a dipole magnet [14] . The FGC setup consists of a camera and a fastrotating mirror which sweeps the incoming light over the entrance aperture of the FGC during the image acquisition. In combination with a fast switching of the image intensifier, this allows single turn images of a bunch, even in a multi-bunch fill [15, 16] . The resolution of the setup is confined by a rectangular crotch absorber with a horizontal width of 20 mm which is located 1600 mm downstream of the radiation source point [17] . Taking diffraction effects into account, the resolution is estimated to be 45 µm. Fig. 1 shows a raw image recorded with the FGC. Here, the machine was operated without an active feedback system, therefore the bunch is undergoing a synchrotron oscillation (f s ≈ 11.24 kHz). The individual spots on this image are the convolution of the charge distribution with the so-called filament beam spread function (FBSF). The FBSF can be seen as an extension of the point spread function for a moving point-like source, in this case a moving single electron [18] . We use the software OpTalix [19] to simulate the optical system and the imaging process. Instead of deconvolving the FBSF from the data and fitting a Gaussian curve, we fit a convolution of the FBSF with a Gaussian curve. Compared to the deconvolution this has the advantage that no estimation of the SNR is required, in addition, this method is fast and robust. For one spot of an FGC raw image, this analysis is illustrated in Fig. 2 .
It can be seen that the fit reproduces the distorted shape of the profile very well, which enables a determination of the horizontal bunch size with a single turn resolution. Experimental studies showed, that the horizontal bunch size remains constant below the bursting threshold, while it starts to increase for currents above [20] . For the equilibrium case below the bursting threshold, the measured bunch size is in good agreement with the simulated values using the accelerator toolbox for Matlab (AT) [21] and the lattice model of KARA. For the AT model, LOCO fits [22] are used to determine the quadrupole strengths from measurements of the orbit response matrix and the dispersion.
A quantitative determination of the energy spread is not possible due to the unknown contribution of the hor- izontal emittance to the horizontal bunch size, therefore we are limited to qualitative studies with the horizontal bunch size taken as a measure for the energy spread. Besides the studies of the micro-bunching instability, the system can be used to study different kinds of instabilities, e.g. during the injection or on the energy ramp.
V. COHERENT SYNCHROTRON RADIATION
The investigation of the CSR dynamics requires THz detectors that are fast enough to resolve the emitted synchrotron radiation for each bunch in a multi-bunch environment. We use commercially available room temperature zero-bias Schottky diode detectors with different sensitivity ranges [11, 12] . To read out these detectors we use the data acquisition (DAQ) system KAPTURE [23, 24] . KAPTURE is a fast FPGA-based system with four input channels that can be used to sample the signal of one detector with four sample points per bunch and turn. Alternatively, it is possible to sample up to four detectors in parallel with a bunch-by-bunch sampling rate of 500 MHz. For the measurements presented here, we configured KAPTURE to digitize the peak intensity of multiple different detectors simultaneously. oscillation of the APD signal is due to an intensity fluctuation. The bunch oscillates horizontally around the focal point of the optics and the limited aperture of the beam line optics transfers this into an intensity oscillation. This signal will play a vital role for the calibration of the synchronization in Sec. VII. The combination of KAPTURE and Schottky diodes is used for detailed and systematic studies of the CSR emission during the micro-bunching instability. The analysis of the fluctuation of the CSR intensity allows for example a fast and precise mapping of the bursting threshold [11] . Using four Schottky diodes with different frequency bands turns the KAPTURE system into a turn-by-turn spectrometer for CSR studies [12] .
VI. LONGITUDINAL BUNCH PROFILE
The technique of electro-optical spectral decoding [26] is used to determine the longitudinal bunch profile and arrival time [27] . This is done by inserting an electrooptical crystal into the vacuum pipe to sample the electric field of the bunch in the near-field [28] . This field turns the crystal birefringent. A laser pulse, chirped on the ps-time scale, is directed through the crystal and the induced birefringence turns the initial linear polarization into an elliptical one. Thus the bunch profile is imprinted into the polarization of the laser pulse. A crossed polarizer transfers this into an intensity modulation and, due to the unique, ideally linear, correlation between time and wavelength in the chirped laser pulse, the bunch profile can be determined by recording the laser pulse spectrum. Measuring in the near field has the advantage that there is no frequency cut-off of the electric-field by the beam-line.
The spectrometer used for this measurement is based on the KALYPSO system (KArlsruhe Linear arraY de- Synchrotron oscillation can be seen during the whole time range. The abrupt change of its amplitude at 1 ms is due to an RF phase step that leads to an oscillation around the new phase. The upper part of this oscillation is not visible due to the finite size of the line array and the length of the chirped laser pulse chosen to achieve a better temporal resolution.
tector for MHz-rePetition rate SpectrOscopy [29, 30] ). KALYPSO consists of a 256-pixel line array that can be read out with a turn-by-turn frame rate of 2.7 MHz.
An example recorded by this system is shown in Fig. 5 . It shows color-coded longitudinal bunch profiles (in units of ps) as a function of time. These measurements were taken with an early development version of the KA-LYPSO system, which manifests in pixel errors and other artifacts. They are visible e.g. as dark horizontal lines between -10 and -20 ps. At the beginning, the bunch is undergoing a synchrotron oscillation as also here the feedback system was switched off. At 1 ms, this oscillation abruptly changes its amplitude due to a triggered step in the RF phase at this point in time. It has to be pointed out that the EO system was adjusted such that the phase step has the maximum possible effect on the signal. So, the bunch shape is not reproduced optimally. Instead, in particular the frequency of the forced synchrotron oscillation after the RF phase step can be seen clearly. This enables to take the system into account for the detector synchronization.
Generally, the EOSD system can also be setup to allow measurements of the bunch profile with a sub-ps resolution, that allows to resolve sub-structures on the longitudinal bunch profile [31] . By using KALYPSO this setup allows turn-by-turn measurements [29, Fig. 3 ].
VII. DETECTOR SYNCHRONIZATION
The most simple way to measure synchronously the different bunch parameter would be to fed the signals from the different detectors into one common DAQ system, e.g. an oscilloscope. This is suitable if all devices are located close to each other, e.g. because the storage ring has a quite compact design (e.g. [2] ). In our case, this is not directly possible due to several reasons. The first point is the location of the detector systems described above, they are located at different positions around the storage ring which has a circumference of 110.4 m. In addition, at all these systems a dedicated post-processing of the raw-data is required, as e.g. the FGC and the EOSD setup deliver 2D images while the KAPTURE system provides -in the multi-detector mode -one data point per bunch, turn, and detector. Thus, the acquisition of the systems have to be aligned temporally to enable later on correlation studies between the derived parameters like CSR intensity, energy spread and bunch length.
To provide a common origin for the time axis with single-turn resolution, we need to synchronize the acquisition. The timing system [32] -based on one event generator (EVG) and several event receivers (EVR) -is used to generate a synchronized measurement trigger.
Furthermore, the intrinsic hardware delays have to be taken into account. KAPTURE and KALYPSO sample continuously, independent of the coupled detectors. The acquisition trigger starts the storage of the data into the memory and therefore an instantaneous start of the recording is achieved. For the FGC this is different: Due to the measurement controls and the inertia of the rotating mirror, a certain time is needed until the first sample can be recorded. To protect the sensor from overexposure, the rotating mirror has a hold position in which the light passes the sensor. Thus the light spot has to be driven first onto the sensor to be recorded, this also ensures the measurement is taken in the regime of linear mirror motion. The synchronization schemes takes these delays into account and compensates for them by triggering the FGC the required time beforehand of the other devices (see [33, Fig. 2]) .
The test of the synchronization requires a signal with a signature on the longitudinal and horizontal plane of the beam that all detectors are sensitive to. We used the low-level RF (LLRF) system to trigger a step in the RF phase. This sudden change leads to the onset of a synchrotron oscillation around the new longitudinal position, which all different measurement stations are sensitive to. For the calibration of KAPTURE, we used the visible light APD as a reference. This convenient reference is insensitive to fluctuations on the bunch profile that can occur following a sudden RF phase-step, which will mostly affect the CSR signal recorded by Schottky detectors. Figure 6 shows a successful synchronization event. The onset of the synchrotron oscillation is recorded by all detectors at the same time. While the synchrotron oscilla-tion on the FGC and the APD are in phase and both in the horizontal plane, the one from KALYPSO is phaseshifted by π/2. This can be explained by the dynamics in longitudinal phase space. Here, the synchrotron oscillation corresponds to a rotation of the longitudinal electron phase space density. The projection onto the position and energy axes are phase-separated by π/2. The FGC and the APD are sensitive to the energy because their source points are located in dispersive sections. KALYPSO, in contrast, measures the arrival time and the longitudinal bunch profile.
The APD signal recorded with KAPTURE shows voltage dips at the highest values and maximum bunch deflection. The origin of the dips are unclear, but are likely due to intensity cut-offs from the finite aperture of the optical beam path or jumps in the timing trigger as KAP-TURE samples at a fixed phase. Nevertheless, the main feature, a strong synchrotron oscillation, can be seen and used to determine the phase and the frequency of the electron beam motion.
As discussed before, the EOSD setup was optimized for temporal resolution. Due to the finite size of the line array and the length of the chirped laser pulse, this leads to a cut-off of the upper part of the signal showing the longitudinal bunch position.
VIII. SYNCHRONOUS MEASUREMENTS
Synchronization of the detector systems allows timeresolved studies of the beam dynamics. In the following, we limit our self to parallel studies of the energy spread and the CSR emission during the micro-bunching instability.
Figures 7 and 8 show two synchronous measurements of the horizontal bunch size as a measure for the energy spread (top) and the corresponding CSR emission (bottom) recorded with a broad-band Schottky diode detector (50 GHz -2 THz). In both cases, the two curves have the same modulation period length. This behaviour was predicted by simulations [9] and also observed experimentally at SURF III [2] .
In Fig. 7 , the CSR intensity decreases until it reaches a constant level between two bursts. After the blow-up at the onset of a burst, the energy spread is decreasing until it reaches a certain lower limit where it is blown-up again. At the same time, the CSR burst starts to arise. Fig. 8 shows a different case using different machine settings and a lower bunch current. Here, the CSR intensity is not constant between two bursts, but increases while the energy spread is still decreasing. This can be explained by the coupling of bunch length and energy spread in the longitudinal phase space. If the bunch gets shorter, it emits more CSR -regardless of sub-structures. The sensitivity to these bunch length fluctuations is dependent on the frequency band of the detector and possible shielding of the CSR due to apertures e.g. in the beam line. Thus, we do not observe it for longer bunches. For both cases, the bunch shrinks until a certain limit is reached. At this point, the charge density inside the bunch is high enough and the bunch becomes unstable. Numerical simulations of the longitudinal phase space using the Vlasov-Fokker-Planck solver Inovesa [36] showed, that at this point the amplitude of the sub-structures starts to grow rapidly as well [37] .
To study these effects in more detail, the FGC can be configured to record shorter time ranges with a higher temporal resolution. For the third example discussed here, the gate separation was set to 24 turns and a time range of 500 µs was recorded. In this case a narrow band Schottky diode was used in addition. The result is illustrated in Fig. 9 . At the beginning, the energy spread given by the horizontal bunch size (top panel) is slightly decreasing due to damping effects while the CSR intensity on the broad band Schottky diode is constant, for the narrow band one it is almost zero. Around t=0.1 ms, the first changes can be seen, when the CSR intensity on the broadband Schottky diode starts to increase, while for the narrow band this increase starts approximately 0.1 ms later. The earlier increase of the signal on the broadband Schottky diode is due to its lower limit in the frequency sensitivity [12] . While the CSR intensity starts to increase, the energy spread is still decreasing due to damping effects. At t=0.27 ms, it reaches a lower limit, which triggers to onset of another burst.
These examples clearly illustrate the diagnostic capability of synchronized detector systems. It allows to fully exploit the potential of the different systems. While e.g. with KAPTURE in the multi-detector mode it is possible to study phase difference between the different frequency bands of the CSR [12] , these phase studies can now be extended to take multiple detector systems into account.
IX. SUMMARY
The analysis of fast rising instabilities, like the microbunching instability, benefits from turn-by-turn detector systems. To find complete expression, several detector systems, which observe different bunch parameters need to be triggerable and to be synchronized. At KARA, several independent detector systems with a single-turn resolution are combined to a distributed sensor network. The energy spread is investigated using an FGC, while the CSR intensity is measured using a KAPTURE system and Schottky diodes. For studies of the longitudinal bunch profile an EOSD setup is used in the near-field combined with KALYPSO. The integration of these systems into a hardware synchronization scheme opens up new diagnostics opportunities. While already the individual setups allowed an insight into the dynamics of the micro-bunching instability, the successful synchronization is a first step towards a multi-dimensional tracking of the longitudinal phase space. We could experimentally show that the energy spread and the CSR undergo a modulation with the same period length. In addition, detailed studies revealed a certain phase difference between the CSR in the different frequency ranges and the energy spread.
In the future we will improve and upgrade the individual detector systems while keeping their capability of synchronized recordings. A fast line array optimized for the visible frequency range will be combined with KA-LYPSO and replace the FGC setup. This will allows us to continuously stream horizontal bunch profiles at each revolution. It will also be used at the EOSD setup with a line array, optimized for the laser frequency and improving the signal-to-noise ratio. Further, the next version of KALYPSO supports a streaming rate of up to 10 Mfps and up to 2048 pixels [30] . KAPTURE2 will provide 8 simultaneous readout paths, allowing more accurate peak reconstruction and the measurement of the arrival time [24] . Alternatively, the amplitudes of up to 8 different detectors can be recorded. With narrow-band detectors, sensitive in different frequency ranges, this allows to record single-shot spectra [12] .
